Schinus molle (SM) stones contain ca. 47 % C and 1 % N and are therefore a potential raw material for the preparation of activated carbons (ACs) with N functionalities. In this study, we investigated the usefulness of SM stones to prepare ACs by hydrothermal carbonization (HTC) followed by KOH activation. For comparison purposes, ACs were also prepared by direct KOH activation of pristine SM stones. The objective was to study the effects of each preparation method on the physico-chemical surface and electrochemical performance of the ACs obtained. Ash content was lower and N content higher in ACs produced by HTC-KOH activation (HSM series) versus direct KOH activation (SM series). All ACs, except the most highly activated sample from the HSM series, had narrow micropores or constricted micropore entrances. The highest surface area and mesopore volume obtained were 1464 m 2 g -1 and 0.29 cm 3 g -1 , respectively. Examination of AC porosity and surface area indicated that SM stones were more reactive to KOH activation after HTC. AC HSM200-2 had the largest capacitance, 235 F g -1 at 0.5 A g -1 , and the highest energy density, 7.83 Wh kg -1 , at a power density of 400 W kg -1 . The electrochemical performance of this sample was comparable to that recently reported for a wide variety of biomass-based ACs.
INTRODUCTION
Activated carbons (ACs) are porous materials with a well-developed porosity, high surface area, versatile surface chemistry, and good physicochemical stability. These characteristics make them useful for multiple applications in: water remediation; gas separation, purification, and storage; catalysis; and energy storage [1] [2] [3] [4] [5] [6] . ACs have long been produced from lignocellulosic biomass residues [1] [2] [3] but have recently attracted renewed interest in relation to novel applications in energy storage and water remediation [7] [8] [9] [10] .
ACs are classically prepared by physical or chemical activation of the pristine or carbonized raw material, most frequently by KOH chemical activation [11] . Nowadays, HTC of lignocellulosic biomass and carbohydrates is also used to prepare ACs and carbon materials with different functions [8, [12] [13] [14] [15] [16] [17] , heating an aqueous solution or dispersion of the raw material in an autoclave at temperatures below 250 ºC. This process, although not novel, is simple, low-cost, and low-energy, and it is considered a "green" synthetic procedure [12, 13, 18, 19] . The hydrochar obtained contains different functionalities but does not generally have an open porosity, one of the main drawbacks of HTC materials produced directly from carbohydrates or biomass. For this reason, they require activation before they can be applied for adsorption, catalysis, or energy storage [19, 20] .
SM is a widely planted ornamental tree in many Mediterranean countries. SM stones are spherelike and around 3-4 mm in diameter. Elemental analysis of the biomass precursor is usually applied to determine its viability to produce carbon materials. SM stones have a carbon content of ca. 47 wt% (vide infra), which is adequate for their utilization as raw material for ACs [12] . They also possess a nitrogen content of ca. 1 wt% (vide infra), potentially allowing the preparation of ACs with different nitrogen functionalities that are important in some adsorption, catalysis, and energy storage processes [21] [22] [23] [24] .
The aim of this study was to evaluate the usefulness of SM stones as raw material to prepare ACs for application as supercapacitor electrodes in energy storage [6, 7, 10] . ACs were prepared by HTC at between 150 and 200 ºC followed by KOH activation or, for comparison purposes, by direct KOH activation of the pristine raw material. The objective was to determine the effects of the preparation method on the morphology, surface chemistry, pore texture, and electrochemical performance of both series of ACs.
EXPERIMENTAL

Preparation of activated carbons
Stones were obtained from the SM fruit by removing the peel, pulp, and stalk and were dried at 110 ºC. They were then hydrothermally treated at between 100 and 200 ºC for 1 h after placing a mixture of 50 g dried SM stones and 100 mL distilled water in a 250 mL Teflon-lined autoclave. The resulting hydrochars are henceforth designated as HSMt, with t being the treatment temperature. Hydrochars were activated by impregnation with a concentrated KOH solution at a KOH/hydrochar mass ratio of 2 or 4 and by subsequent carbonization at 800 ºC for 1 h in a N2 flow. The ACs obtained were treated with 1M HCl and then washed with distilled water until chloride ions disappeared from the washing water. These ACs are designated as HSMt-x, with x indicating the KOH/hydrochar mass ratio. The same procedure was followed for the direct KOH activation of dried SM stones, and the resulting ACs are designated as SMx
Characterization
The morphology of samples was examined using a FEI Quanta 400 environmental scanning electron microscope. Proximate analysis of the SM stones was determined using a Shimadzu TGA-50H thermobalance. The sample was heated at 20 ºC min -1 under N2 flow (100 mL min -1 ) from room temperature to 120 ºC over 1 h and then heated to 800 ºC to determine the moisture and volatile compound contents. When a constant weight was reached, the N2 flow was changed to air in order to determine the fixed carbon and ash contents.
C, H, and N contents were determined by elemental analysis using Thermo Finnigan equipment (1112 series). N and O contents were also determined by XPS using an Escalab 200R system (VG Scientific Co.) equipped with MgK  X-ray source (h = 1253.6 eV) and hemispherical electron analyzer. The C1s peak at a binding energy (BE) of 284.6 eV was used as internal standard.
N2 and CO2 adsorption isotherms were determined at -196 and 0 ºC, respectively, using an Autosorb 1 from Quantachrome. The BET equation was applied to the N2 adsorption isotherm to obtain the surface area, SBET, and the DR equation was applied to both isotherms to obtain the micropore volume, W, and micropore width, L. The total pore volume, V0.95, was obtained from the amount of liquid N2 adsorbed at p/p0 = 0.95.
Electrochemical measurements
Electrochemical measurements were made at room temperature with 1M H2SO4 as electrolyte in two-and three-electrode cells, 2EC (Teflon-Swagelock-type) and 3EC, respectively, following the method described elsewhere [25] . Thus, working electrodes were prepared from a well-mixed slurry of the ACs (90 wt.%) with polytetrafluorethylene (PTFE) emulsion (10 wt.%) as binder. The slurry was pressed at 3 bar on graphite paper disks (2EC) or graphite foil (3EC) and dried overnight in an oven at 120 ºC. The discs had an area of ca. 0.50 cm 2 (ϕ 8 mm) and contained the same amount of active material, ca. 4 mg, while the graphite foil contained ca. 20 mg of active material. Electrodes were immersed in the electrolyte for five days before assembly in the cells. The 2EC comprised two identical electrodes separated by a porous fibrous separator impregnated with the electrolyte solution. The 3EC comprised the above slurry pasted on graphite paper as working electrode with a reference electrode (Ag/AgCl) and counter electrode (Pt wire).
Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCD) were carried out using a Biologic VMP-300 potentiostat. CVs and GCDs were performed in the 0-0.85 V range at a scan rate of 2.5 mV s -1 for CVs and current densities between 0.14 and 5 A g -1 for GCDs.
Gravimetric capacitance, C (F/g), was obtained from the discharge curves of the GCDs by equation (1):
is the discharge current, Δt the discharge time, the total mass of the AC in the electrodes, and ∆ the voltage interval after the ohmic drop. The coulombic efficiency was calculated from the discharge and charge time, td and tc, respectively, using the formula (td/tc)100.
For performance comparisons, the gravimetric capacitances in 2EC obtained from the above equation were multiplied by four to obtain the expression per single electrode, which is the 3EC equivalent [26] . However, per convention, the gravimetric capacitances obtained from equation (1) in 2EC, C2EC, were used to calculate the energy density in the Ragone plot using the equation = 2 (∆ ) 2 2 ⁄ , where ∆ is the operation voltage taken as ∆ = − . Power density was calculated from = ∆ ⁄ [27, 28] . 1 depicts micrographs of selected ACs. Samples HSM150-2 and SM2 had a similar morphology, with very large pores and conchoidal cavities caused by the brittle fracture of precursor particles during KOH activation [25] . The most activated samples, HSM150-4 and SM4, showed a greater degree of fracture of precursor particles during activation, with the disappearance of most of the cavities and larger pores. Table 1 displays the ash content and elemental analysis of the precursor, hydrochars, and ACs with the XPS results for N and O contents of ACs. Proximate analysis of the precursor in dry basis yielded: volatile compounds 50.10 wt%, ash 6.28 wt%, and fixed carbon 43.62 wt%. Elemental analysis of biomass is usually employed to check its viability as carbon precursor [12] , and the high carbon content of SM stones (46.95 wt%) enables their use as raw material to prepare ACs. Moreover, in this case, the raw material also has a high fixed carbon content, which would produce a high yield in the HTC process. Elemental analysis and XPS measurements of N and O can be considered as the total and surface contents, respectively, indicating their distribution in the ACs.
RESULTS AND DISCUSSION
The ash content of the SM stones was reduced by HTC, and the reduction was greater with higher HTC temperature due to solubilization of the inorganic matter of the precursor. Consequently, the ash content was lower in ACs from the HSM versus SM series. The N and O content of the precursor was also affected by HTC, which increased total N content and reduced oxygen content, with these changes being greater at higher temperatures. The increase in N content was attributed to Maillard-type reactions between N compounds and carbohydrates in the raw material during HTC [19] . Thus, the N was covalently bonded to the carbon network and remained part of the parent carbon during subsequent heating for activation of the hydrochar [19] . Hence, total N content was higher in the ACs from the HSM series than in those from the SM series. The total O content of the hydrochars decreased at higher HTC temperatures because of the increase in C content. KOH activation of the hydrochars produced an increase in their C content, which was lower at higher HTC temperatures, and a decrease in their ash and total N and O contents. The increase in KOH/precursor mass ratio also produced, in both AC series, a decrease in ash, total N (except in SM4), and O contents. NXPS and total N content were similar in both AC series, whereas the OXPS was lower than the total O content except in SM4.
N1s core level spectra of the ACs are depicted in Figure 2 , and the results are compiled in Table  2 . All ACs from the HSM series showed three peaks with BE of around 398.4, 400.1, and 401.3 eV. The peak at 398.4 eV was due to pyridines, N-6 functionalities [29] , and the second peak at 400.1 eV was due to pyrrolic-N or pyridonic-N, N-5 functionalities [30] . The third peak at 401.3 eV can be assigned to N within or in a valley position of a graphene layer, i.e., quaternary-N (N-Q functionalities) [30, 31] , and the most abundant functionalities were N-5 (47 -78 %).
ACs from the SM series showed the same three peaks plus a fourth at around 402.6 eV that can be assigned to pyridine-N-oxide (N-X functionalities), i.e., pyridinic N bonded to oxygen species [22, 32] . These N-X functionalities are formed when pyridine functionalities on the external surface are exposed to atmospheric air [23] . In this case, the most abundant functionalities were again N-5 ( 48 %), followed by N-6 ( 29 %). O1s core level spectrum (not shown) had two components in all samples, the first at BE between 531.0 and 531.6 eV, assigned to double C=O bonds in ketone, quinone, and carboxyl acid groups, and the second at BE between 532.9 and 533.3 eV, assigned to C−O bonds from alcohols, phenols, and ethers [33, 34] . These last functionalities were the most abundant in all cases. N2 adsorption isotherms of the ACs (Fig. 3) were type I, typical of microporous solids [35] , although they also contained some mesopores because of a slight increase in N2 uptake at high relative pressure after micropore filling. This increase was higher in the most activated samples, HSM150-4 and SM4. In addition, the shape of the isotherm in HSM150-4 showed a wide knee, as in the case of type I(b) isotherms, indicating a wide micropore size distribution and narrow mesopores (below ~ 3nm). Table 3 higher than WN2 in all ACs, except in HSM150-4, indicating narrow micropores or constrictions at their entrances that made them less accessible to N2 molecules at -196 ºC than to CO2 molecules at 0 ºC [36, 37] . The difference between WN2 and WCO2 decreased (and the WN2/WCO2 ratio increased) at higher HTC temperatures and KOH/precursor mass ratios, due to the disappearance of constrictions at micropore entrances and/or to micropore widening. In addition, the WN2/WCO2 ratio was higher in ACs from the HSM versus SM series for the same KOH/precursor mass ratio. Except for the most activated samples, HSM150-4 and SM4, the V0.95 value was lower than the WCO2 value in all ACs, indicating that not all of their micropores were accessible to N2 molecules due to diffusional limitations, even at the high relative pressure of 0.95 at -196 ºC.
HSM100, HSM150, and HSM200 hydrochars exhibited a SBET of 23, 26, and 27 m 2 g -1 , respectively, and they therefore required activation to increase their surface area and porosity. The SBET of ACs in the HSM series increased with higher HTC temperature and was higher than SBET values of the SM series for the same KOH/precursor mass ratio. We highlight the very large surface area of HSM150-4, ca. 1500 m 2 g -1 , with a mesopore volume of 0.29 cm 3 g -1 (from V0.95-WN2) that represented ca. 32 % of the total porosity. Examination of the porosity and surface area of the ACs indicated that the SM stones were more reactive to KOH activation after HTC, attributable to: i) the complex chemical reactions of SM stone carbohydrates during HTC, leading to incipient carbonization, as shown by the increased C content of the hydrochars (Table 1) ; and ii) the lower ash content of HSM hydrochars than of SM stones. Figure 4 depicts CVs at 2.5 mV s -1 obtained with 3 and 2EC. CVs obtained with 3EC are very useful for analyzing faradic reactions and voltages at a single surface [38, 39] , showing a quasirectangular shape and a clear faradic hump indicating the presence of pseudocapacitance phenomena, attributed to the O and N functionalities [40] possessed by all of the ACs. However, CVs obtained with 2EC had a rectangular shape with no pseudocapacitance effects.
GCDs at 0.5 A g -1 (Fig. 5 ) showed a triangular shape with a coulombic efficiency of 100 % in all cases. The gravimetric capacitance increased ( Table 4 ) with higher HTC temperature in the HSM series, and the capacitance decreased with higher KOH/precursor mass ratio in both series. These variations in capacitance can be attributed to differences in the surface functionality and porosity of the ACs. Thus, total N and O contents were increased at higher HTC temperatures in the HSM series of ACs. Most of these functionalities are fixed on the micropore walls and cannot be detected by XPS, but they would affect the formation of the double-layer within the micropores, introducing pseudocapacitance effects. This is possible because the micropores of HSM samples were accessible to hydronium ions (0.36-0.42 nm) [41] and hydrated bisulfate ions (0.53 nm) [42] . In addition, WN2, LCO2, and SBET values were increased at higher HTC temperatures in the HSM series of ACs. In contrast, the capacitance was decreased at higher KOH/precursor mass ratios, mainly caused by the opening of the porosity and consequent appearance of mesopores. HSM200-2 showed the highest gravimetric capacitance, 235 F g -1 , at 0.5 A g -1 , which is comparable with or even higher than that of recently reported biomass-derived ACs ( Table 5 ). The gravimetric capacitance decreased with higher current density ( Fig. 6 and Table 4 ), due to cell resistance. Likewise, the Coulombic efficiency was lower at 5 A g -1 than at 0.5 A g -1 (Table 4 ). Figure 7 depicts the Ragone plots of the ACs, revealing the dependence between energy and power density. The maximum energy density increased with higher HTC temperature in the HSM series and decreased with a higher degree of activation in both series. These results were again attributed to variations in the surface functionality contents and porosity of the ACs. The energy density decreased at higher power density (Fig. 7) , and the HSM200-2 sample showed the highest energy density 7.83 Wh kg -1 at a power density of 400 W kg -1 . The electrochemical performance of this sample was comparable to that recently reported for ACs from various biomass wastes (Table 5 ).
CONCLUSIONS
The ash content was lower and the N content higher in ACs produced by the HTC-KOH activation of SM stones than in ACs produced by the direct KOH activation of pristine SM stones. This difference is attributable to solubilization of the inorganic matter of the precursor and to Maillard-type reactions during the HTC process. Examination of the porosity and surface area of the ACs indicated that SM stones were more reactive to KOH activation after HTC. We highlight the very large surface area of HSM150-4, 1464 m 2 g -1 , with a mesopore volume of 0.29 cm 3 g -1 that represented ca. 32 % of the total porosity. HSM200-2 showed the highest gravimetric capacitance, 235 F g -1 , at 0.5 A g -1 , and the highest energy density, 7.83 Wh kg -1 , at a power density of 400 W kg -1 . These values are comparable to those recently reported for ACs from various biomass wastes.
